The interactive effects of water and nitrogen (N) on frost hardiness are not well known in broad-leaved trees. Furthermore, new environmental conditions may favour naturally generated hybrids between native and introduced tree species over native species. & Methods A greenhouse experiment with freezing tests was carried out to study how water (low, medium, high) and N (low, high) supply influence the growth, bud phenology and frost hardening of seven young European aspen (Populus tremula) and backcross hybrid aspen ([P. tremula × Populus tremuloides] × P. tremula) families. & Results The native European aspen grew faster, whereas hybrid aspen × aspen frost hardened faster and exhibited better overall frost hardiness and earlier budburst. Hybrid aspen × aspen also showed intraspecific variation in frost hardiness. The two species showed similar responses to different water and N supplies, and both species were more affected by changes in N supply than in water supply. Higher N supply-especially when combined with droughtdelayed frost hardening, an effect that was more pronounced in European aspen. & Conclusions The results suggest that backcross hybrid aspen may in some respects be better adapted to a range of environmental conditions than the native species.
Introduction
Together with the increasing use of introduced species in many parts of the world, the consequences of possible natural hybridization between introduced and native tree species have raised concern. Hybridization may increase competition and narrow the gene pool of native species, thus threatening their overall fitness (Vanden Broeck et al. 2005) . European aspen (Populus tremula) is a widely distributed species native to Eurasia and of high ecological importance in terms of biodiversity and soil processes of boreal forests (Suominen et al. 2003; Kouki et al. 2004) . It has been demonstrated that hybrid aspen, a man-made cross between European aspen and North American trembling aspen (Populus tremuloides) which is commercially cultivated in Fennoscandia and Baltic countries (Holm 2004; Rytter 2006) , can hybridise with European aspen in nature (Suvanto et al. 2004) . Furthermore, backcrosses between hybrid and European aspen may have some advantages over the pure native species concerning seed production and viability, as well as early competition (Suvanto et al. 2004; P. Pulkkinen, unpublished data) .
Although the performance of secondary hybrids is generally considered inferior to that of the parent species (Burke and Arnold 2001) , sometimes, especially in new habitats and environmental conditions, secondary hybrids may be better adapted (Burke and Arnold 2001; Kimball et al. 2008) . Climate change, together with increases in concentrations of many pollutants in our environment, such as nitrogen (N), creates novel environmental conditions and may thus promote the occurrence of hybrids. Predictions of future environmental change in Finland include a rise in annual precipitation by 12-22%, combined with a possible increase in heavy rains, but also periods of drought during the growing season (Jylhä et al. 2009 ). Globally, the annual average N deposition over forests has been estimated to about double by the end of the century (Lamarque et al. 2005) .
Water and N are among the most important environmental factors regulating tree growth. Both factors also modify bud phenology and frost hardiness, which are vital traits for the adaptation of trees in cold climates. An increase in N availability usually improves the growth of trees, e.g., by increasing photosynthesis (Cooke et al. 2005) , whereas drought stress often limits photosynthetic gas exchange and, consequently, growth (Ibrahim et al. 1997) . Conflicting results have been reported on the role of water and N status on the frost hardiness of woody plants. N inputs have been observed to both increase (DeHayes et al. 1989; Rikala and Repo 1997) and decrease (Aronsson 1980; Hellergren 1981 ) frost hardiness. Positive effects have been hypothesized to result from factors such as the accumulation of soluble carbohydrates, amino acids and proteins that increase frost hardiness and can act as cryoprotectants (Sheppard and Pfanz 2001) . Negative effects can be mediated through delayed growth cessation and thereby frost hardening (van den Driessche 1991), and advanced budburst, which increases the risk of spring frost damage (Sheppard and Pfanz 2001) . Increased N assimilation following high N uptake also requires carbon (C), which may deplete cryoprotectant carbohydrates (Thomas and Ahlers 1999) . Mild water stress during the growing season can retard growth and promote terminal bud set and frost hardening. Conversely, prolonged periods of drought can impede frost hardening by restricting photosynthesis, resulting in decreased accumulation of carbohydrates (Colombo et al. 2001) .
This study investigated how the availability of water and N influences the growth, bud phenology and frost hardening of young European aspen and backcross hybrid aspen seedlings. Gas exchange and leaf N and C concentrations were also measured to study differences within and between species. The effects of water and N on tree growth are well studied in commercially important species, which, in the genus Populus, include trembling aspen and various Populus hybrids. In contrast, limited research exists on the widely distributed European aspen. Furthermore, information on the interactive effects of water and N supplies on the frost hardiness of broad-leaved trees is somewhat limited, with the majority of previous studies concentrating on evergreen coniferous species. We therefore focus especially on the effects upon frost hardening in the two species. The method employed was a controlled greenhouse experiment together with freezing tests. Previously, this technique has mainly been used for frost hardiness testing of conifers such as Pinus sylvestris and Picea abies (e.g. Andersson 1992; Pulkkinen 1993) . The results from these early seedling tests have correlated fairly well with survival test results from field experiments on mature trees (Andersson 1992) .
Materials and methods

Plant material
Seed material was collected from seven European aspen families and seven backcross hybrid aspen families, produced by crossing F 1 hybrid aspen females with European aspen males (referred to as hybrid aspen × aspen). The F 1 hybrid aspens were crosses between Southern Finnish P. tremula and Southern Canadian P. tremuloides. The seed trees of European aspen and F 1 hybrid aspen originated from a geographically small area in Southern Finland (60°30′-60°40′ N, 24°23′-24°42′ E), where they have been grown for over 30 years.
Seeds (Lorenz et al. 2008 ). The HN dose is similar to the N fertilization level typically used in Finnish forest nurseries for 1-year-old seedlings (Juntunen and Rikala 2001) . The fertilizers were applied with the irrigation water. 
Frost hardening period and freezing tests
On 15 January 2007, after 5 weeks of water and N applications, the environmental conditions in the greenhouse were changed to simulate a frost hardening period, which continued for a maximum of 9 weeks. This was done by decreasing the mean day and night temperatures by 2°C and 1.5°C, respectively, and the day length by 1.5 h per week. During the frost hardening period, one replicate from each water and N treatment was freeze-tested each week over a period of 7 weeks. Thus, the freeze test groups were identical, each containing five seedlings per family per treatment. The first group was freeze-tested on 30 January 2007 after a frost hardening period of 15 days and the last one after 64 days. The freezing tests were carried out in a dark, air-cooled chamber. The seedlings were transferred to the chamber in their Styrofoam boxes and were first exposed to +5°C for 11 h. Then, the temperature was gradually decreased to −10°C, maintained there for 2 h, and gradually increased back to +5°C. The average freezing and warming rates were 3°C h −1 .
During the freeze test period, the untested seedlings received irrigation according to their relative water treatments, albeit with differences between treatments being slightly diminished. The seedlings were supplied with 5 lm −2 (LW), 7.5 lm −2 (MW) and 10 lm −2 (HW) of water two to five times per week, with irrigation diminishing towards the end of the frost hardening period as plants gradually become dormant and use less water. Twenty-five days after the start of the frost hardening period, the seedlings of the last six groups to be freezetested received an extra N fertilization (N/P/K 19:4:20, Taimi-Superex) of 5 kg Nha −1 to ensure enough nutrients for growth after freezing. After freezing, each seedling group was placed in a dark room (mean temperature, 2°C) and kept there until the end of March 2007. All the seedlings were then transferred for dehardening in a greenhouse without controlled lighting or heating (mean temperature, 16°C), where they were irrigated as required.
Measurements of gas exchange, leaf and soil chemistry, and growth
Stomatal conductance (g s ) and net photosynthesis (P n ) were measured from one leaf (leaf plastochron index, LPI, 5) from one randomly chosen seedling per family per treatment on 3-4 January 2007 using a portable Infra Red Gas Analyser (LCA-3, ADC Ltd., Hoddesdon, UK). No additional light source was used when conducting the measurements.
Leaf samples were collected from three European aspen families and three hybrid aspen × aspen families (sown on the same date) on 9-11 January 2007. Three replicate samples per treatment were taken from each of these families, each sample containing one leaf (LPI 3-5) from every seedling of each family. C and N concentrations were determined from dried leaf samples (48 h at 60°C) by combustion (Vario MAX CN analyzer, Elementar Analysesysteme GmbH, Germany). The height of each seedling was measured on 22-25 January 2007. The value was further divided by the accumulated ETS to obtain the growth rate (millimetres per degree day), which was used as a measure of whole-plant vigour. Growth rate was expressed as millimetres per degree day to enable comparisons with studies that have been carried out in different temperatures. The height was also measured 1 day before freeze testing.
Soil samples were collected from each freeze test group 1 week after they had been freeze-tested. The soil samples were pooled samples from each treatment, containing equal amounts of soil from all the families within the treatment. The samples were dried (72 h at 60°C), sieved (ø 2 mm), milled and analysed for total N concentration by combustion (Vario MAX CN analyzer).
Scoring of bud phenology and freezing injury
One day before the last freeze testing, the existence of a terminal bud (indicating growth termination) was recorded on each seedling. During the dehardening period, between 13 April and 25 May 2007, budburst (indicating growth initiation) of the same seedlings was scored once or twice a week.
The relative frost hardiness level of the seedlings was determined by assessing the level of freezing injury, measured as the proportion of dead shoot on the seedlings. This was carried out between 14 and 25 May 2007, when it was ascertained that all living seedlings had initiated their growth (ETS of the new growing season>700 d.d.), and involved recording the height of the topmost living bud (the highest starting point of growth, H b ). Using the height measurements recorded just before the freeze testing (height of seedling, H s ), a freezing injury percentage (FI) was calculated for each seedling as follows:
An FI of 0% means an uninjured seedling and that of 100%, a seedling with no living aboveground shoot.
Statistical analyses
Analysis of variance (ANOVA) was applied to growth rate and leaf chemistry, and analysis of covariance (ANCOVA) to other variables to test the main effects and interactions of aspen species, water, N and time since the start of frost hardening (only for FI) on the variables measured. To eliminate the possible effect of different sowing dates on the variables, the growth rate (millimetres per degree day) of the seedlings was used as a covariate. To test the differences among families within each species and the family × water and family × N interactions, ANOVA (for growth rate and leaf chemistry) or ANCOVA (for other variables; growth rate as a covariate) with family as a random factor was employed. The Pearson or Spearman's correlation test was used to examine the relationships between FI and other variables. The data were log-or arcsin square root-transformed when necessary to obtain a normal distribution. The results were considered significant at P<0.05. All statistical analyses were performed with SPSS 15.0 for Windows.
Results
The two aspen species differed in terms of growth rate, photosynthesis, leaf chemistry and FI (Table 1) . However, their responses were rather similar with regard to water and N applications. In general, both species were more affected by changes in N supply than in water supply. Hybrid aspen × aspen also showed intraspecific variation in FI.
3.1 Growth, gas exchange, and leaf N and C European aspen grew faster than hybrid aspen × aspen in all treatments ( Fig. 1 and Table 1 ). The average height of the European aspen families ranged from 27 to 48 cm and that of the hybrid aspen × aspen families from 18 to 45 cm at the end of the frost hardening period. The growth rate of both species was increased by HN (average +78%). Water supply also affected growth, with both LW and HW reducing the growth rate (−15% and −11%, respectively) compared with MW.
The ). Higher N supply resulted in a higher g s and P n than LN in both species (average +154% and +59%, respectively; Table 1 ). Water treatment did not have a significant main effect on gas exchange, but interacted with N supply to affect P n . In LN seedlings, LW and HW reduced P n , whereas water treatment had no effect under HN.
Hybrid aspen × aspen had higher leaf N and C concentrations (on average 1.8% and 41.0%, respectively) than European aspen (1.7% and 40.6%, respectively; Table 1 ). In both species, leaf N concentration was higher in HN than in LN (2.7% and 0.8%, respectively, averaged over species). Higher N supply also increased leaf C concentration and decreased leaf C/N ratio (+6% and −68%, respectively, averaged over species). Water treatments modified leaf N chemistry together with N supply. The leaf N concentration was highest and C/N ratio lowest in MW for LN seedlings, but overall highest in HN seedlings grown under drought (LWHN, W × N interaction). The average soil total N concentration was 0.5% in all treatments (no statistical differences between treatments, data not shown).
Bud phenology and frost hardening
Higher N supply delayed the bud set of both species (Fig. 2a and Table 1 ). Under LN, the proportion of seedlings with terminal buds was similar in both species and in different water treatments. In contrast, the species differed in their response to water treatments under HN (species × W and species × W × N interactions). In European aspen, both LW and HW promoted bud set, whereas in hybrid aspen × aspen, HW delayed bud set compared with MW. Although the species did not differ in bud set when averaged over treatments (no significant main effect), under HN, hybrid aspen × aspen showed earlier bud set under MW and later bud set under HW when compared with European aspen.
After the dehardening period, hybrid aspen × aspen tended to initiate growth on average 77 d.d. earlier than European aspen (Fig. 2b and Table 1 ). Higher N supply advanced budburst, but only under MW and HW (W × N interaction). Both aspen species responded similarly to water treatments under LN. Under HN, however, both LW and HW delayed the budburst of hybrid aspen × aspen, whereas in European aspen, LW delayed but HW advanced budburst compared with MW.
Hybrid aspen × aspen had a lower FI (Fig. 3 and Table 1 ) and the amount of freezing injury decreased faster than in European aspen as the frost hardening period progressed (species × time interaction), indicating a faster development of frost hardiness. In addition, significant variation among the hybrid aspen × aspen families was recorded in FI (P=0.037).
Higher N supply increased FI in both species, although mainly at the beginning of the frost hardening period (N × time interaction; Fig. 3 and Table 1 ). The HN seedlings showed more severe freezing injury when grown under LW than under MW or HW (main effect of W and W × N interaction). This effect was more apparent in European aspen, especially at the end of the frost hardening period (species × W × N × time interaction), whereas hybrid aspen × aspen was not affected by W or N treatments at that time (Fig. 3) . When averaged over treatments per aspen family, higher FI was correlated with faster height growth rate (r=0.635, P=0.015). The correlations between FI and other measured variables were not significant (data not shown). 
Discussion
The freeze test technique employed here does not test frost hardiness to a particular sub-zero temperature, but gives an estimate of the development of frost hardiness under certain environmental conditions, as well as enabling a comparison of relative frost hardiness between the two aspen species tested. The freeze test mimics an abrupt autumn frost when snow cover is absent. Although a warming climate may postpone the occurrence of first autumn frosts, frost events early in autumn will still be possible in the future (Ruosteenoja et al. 2005) .
In the present study, hybrid aspen × aspen was more tolerant of frost and frost hardened faster than the native European aspen under all the treatments. Similar results have been obtained from a parallel experiment with other European aspen and backcross hybrid aspen families (P. Pulkkinen, unpublished data) . No interspecific differences in growth cessation, which could contribute to the observed difference in frost hardiness, were found at the end of the frost hardening period. As trees have been shown to be well adapted to local environmental conditions (Hurme et al. 1997) , the P. tremuloides parental material of hybrid aspen × aspen may partly account for its better frost hardiness. The climate in southern continental Canada, the origin of the P. tremuloides material, consists of lower daily mean and average minimum winter temperatures than in the more maritime Southern Finland. In contrast, southern ecotypes generally develop frost hardiness later than northern ones when grown in the same environment (Hurme et al. 1997; Lennartsson and Ögren 2002) . Thus, the origin of P. tremuloides material, with more southern origin (about 45-55°N) than that of P. tremula (60°N), does not appear to unambiguously explain the difference between species in frost hardening. The higher leaf N and C High N supply decreased tolerance to frost in both aspen species by delaying frost hardening, a phenomenon also reported for Pinus halepensis (Puértolas et al. 2005) . The delayed formation of terminal buds under high N supply, as also observed for Populus trichocarpa (Sigurdsson 2001) , suggests that this was at least partly mediated by an Nrelated prolongation of the vegetative period since frost hardiness commonly starts to gradually develop around the time of growth cessation (Hurme et al. 1997 ). However, the negative effect of high N supply was evident mainly at the beginning of the frost hardening period, implying that if the hardening period is long enough, N supply does not notably affect frost hardiness later in the autumn/winter. This is supported by observations in other studies (Jalkanen et al. 1998; Thomas and Ahlers 1999; Puértolas et al. 2005) . The leaf N concentration in LN treatment (0.8%) was below the sufficient range suggested for Populus (Tullus et al. 2010) , implying that nutrient deficiency may have improved the frost hardiness of LN seedlings by restricting growth, thus allowing more C to be available for the production of cryoprotectant carbohydrates (Jalkanen et al. 1998) . Despite the similar soil N concentration in LN and HN treatments, the leaf N concentration was notably higher in HN seedlings (2.7%), corresponding to optimum concentration for the growth of hybrid aspen (Tullus et al. 2010) .
High N supply combined with drought delayed frost hardening the most, especially in European aspen. Drought-stressed Quercus species have also been reported to manifest increased freezing damage, although the impact of high N supply was minor (Thomas and Ahlers 1999) . Our results suggest that hybrid aspen × aspen has better tolerance against autumn frosts than the native aspen species and that this difference may become more pronounced in environments with high N supply and drought periods, a situation likely in forthcoming decades (Lamarque et al. 2005; Jylhä et al. 2009 ).
Height growth rate was inversely related to frost hardiness, as observed for Salix (Lennartsson and Ögren 2002) , implying a trade-off in investments between growth and frost hardening processes. European aspen grew faster than the backcross hybrid aspen in all treatments, similar to observations of backcross and parent generations of Salix (Fritz et al. 2006) . Compared with F 1 hybrids, further hybrids of Populus are generally slower growing (Karim and Hawkins 1999) . The higher P n of European aspen may partly explain its faster growth. The relatively low g s and P n measured in this study (vs. Häikiö et al. 2007; Nikula et al. 2009 ) are likely explained by the comparatively low irradiance in the greenhouse, which has been suggested to correspond to shade conditions in nature (Monclus et al. 2005) .
Regarding growth, gas exchange, and leaf N and C concentrations, the two aspen species responded similarly to water and N treatments. As pioneer trees, Populus species respond readily to increases in N availability with enhanced leaf N concentration, photosynthetic rate and growth (Cooke et al. 2005; Häikiö et al. 2007) , which was also observed here. Although pioneer species are often adapted to variable soil water conditions, drought and wet conditions have been reported to limit the growth of Populus (Ibrahim et al. 1997; Guidi and Labrecque 2010) . The results of P n indicate the interactive effects of water and N supply on aspen and support the hypothesis that high nutrient availability improves the drought tolerance of trees by maintaining physiological processes (Abrams 1988) .
Although the growth rate measurements imply greater vigour of European aspen during the first growing season under greenhouse conditions, the earlier budburst of hybrid aspen × aspen may allow more growth than in European aspen during subsequent growing seasons. This would agree well with observations on F 1 hybrid aspen: the faster growth of F 1 hybrid aspen compared with European aspen has been attributed particularly to its longer vegetative period (Yu et al. 2001) . These phenological traits of hybrid aspen × aspen may be even more important in the future as the warming climate will provide longer growing seasons (Jylhä et al. 2009 ).
Earlier growth initiation of hybrid aspen × aspen was manifested in almost all the treatments, except for HWHN. In accordance with observations on Quercus (Thomas and Ahlers 1999) , high N supply generally promoted the budburst of both aspen species. However, when grown under high N supply, the species differed in their bud phenology responses to high water supply. Wet conditions slightly altered the timing of the vegetative period of both species, although in different directions-by promoting the budburst and bud set of European aspen and delaying them in hybrid aspen × aspen. In high-latitude environments, earlier timing of the vegetative period presumably supports growth more efficiently because of higher light intensity and longer days in spring compared with autumn (PeltonenSainio et al. 2009 ). In any case, earlier budburst can predispose trees to damage by spring frosts.
Although intraspecific variation is typically high in Populus, especially in F 2 generations (Karim and Hawkins 1999) , we recorded variation among backcross hybrid aspen families only in frost hardiness; European aspen did not show significant variation in any of the measured traits. Intraspecific differences possibly become more evident as the trees age (Yu et al. 2001) . The higher intraspecific variation in hybrid aspen × aspen may confer better potential to adapt to changing environmental conditions compared with European aspen (cf. Grulke 2010).
In conclusion, although the native European aspen grew faster than hybrid aspen × aspen in all the treatments, the faster frost hardening, better overall frost hardiness and earlier budburst of hybrid aspen × aspen imply that backcross hybrid aspen may have some advantages over the native species after their first growing season. However, earlier budburst can also be a disadvantage in the event of late spring frosts. In general, the two aspen species responded comparably to water and N treatments, suggesting that the interspecific differences in growth, frost hardiness and budburst are maintained under different environmental conditions. High N supply-especially when combined with drought during the growing seasondelayed frost hardening, partly through an N-related prolongation of vegetative period. This effect was more pronounced in European aspen. The results suggest that backcross hybrid aspen may in some respects be better adapted to a range of environmental conditions than the native species.
Although aspen reproduces mainly vegetatively under present conditions, sexual reproduction through seedlings may be more common than is assumed (Suvanto and LatvaKarjanmaa 2005) . Backcrosses probably have consequences for native species located near hybrid aspen plantations, the extent of which may increase with warming climate that enables the cultivation of hybrid aspen in more northern regions. Because the direction of crossing can notably affect the behaviour of the resultant cross (Suvanto et al. 2004) , backcrosses with European aspen female and hybrid aspen male should also be investigated.
